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Abstract

Until this year, the BISON fuel performance code has been developed primarily for pressurized water reactor

(PWR), accident tolerant fuel (ATF), and advanced reactor (e.g., tri-structural isotropic (TRISO), metallic)

analyses. The main focus of this work is to develop and document required material models that would aid

predicting cladding failure with a specific hydride distribution to be investigated for boiling water reactor

(BWR) applications in the next fiscal year. In terms of materials, the primary differences between a BWR

and PWR is the use of gadolinia doping of the UO2 fuel, the use of Zircaloy-2 for the cladding, and the

addition of a liner on the inner surface of the cladding for improved pellet-clad mechanical interaction (PCMI)

performance. The liner is typically made of pure zirconium or a lower tin content zirconium alloy (e.g. Zr-

0.3%Sn). This work details the development and documentation of material and behavioral models for BWR

analysis such as the addition of material and behavior models for gadolinia doped UO2, pure zirconium,

Zr-0.3%Sn, and Zircaloy-2 as well as the ease-of-use additions to allow internal meshing capabilities to

include liners. Another important aspect affecting cladding performance is hydrogen diffusion and hydride

precipitation in the cladding. A model was added previously for non-lined, homogeneous claddings. In

this work, instructions are provided on how to apply the model the BWR liner cladding. Representative

experimental values are provided for the hydrogen diffusion parameters and precipitation-dissolution kinetics

for typical liner materials of interest.
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1. Introduction

In 2010, the U.S. Department of Energy (DOE) created its first Energy Innovation Hub, which is focused on

developing high-fidelity and high-resolution modeling and simulation tools for the modeling of light water

reactors (LWRs). This hub, the Consortium for Advanced Simulation of Light Water Reactors (CASL)1,

has developed an LWR simulation tool called the Virtual Environment for Reactor Applications (VERA).

BISON is the high-fidelity and high-resolution fuel performance tool used in VERA.

BISON [1, 2, 3] is a fuel performance code that models the thermo-mechanical behavior of nuclear fuel

using high performance modeling and simulation. BISON is established on the Multiphysics Object-Oriented

Simulation Environment (MOOSE) framework2 [4, 5] of Idaho National Laboratory (INL). BISON solves

the fully-coupled equations of energy conservation, mechanics, and species conservation to account for a large

range of different fuel behavior. It is capable of modeling traditional LWR fuel rods, fuel plates, and tri-

structural isotropic (TRISO) fuel particles [6, 7]. It can employ three-dimensional Cartesian, two-dimensional

axisymmetric, two-dimensional generalized plane strain, layered two-dimensional, layered one-dimensional,

one-dimensional radial spherical geometries. It includes empirical models for a large variety of fuel thermal

and mechanical physics.

BWR fuel differs from PWR fuel in terms several aspects, considering (a) extensive use of gadolinia up to

10 wt.%, which significantly impacts the fuel thermal conductivity, consequentially on the fuel temperature

distribution; and (b) the use of different alloying materials such as the fuel liners (e.g., pure zirconium or

zirconium tin), to increase the margin to PCMI failure, enabling more flexible operation. Such liners tend

to exhibit much higher hydrogen contents than the rest of the cladding (in the hottest side of the cladding

wall). The concentration of hydrogen and consequent localized precipitation of hydrides can cause the failure

of the cladding at small strains.

This study focuses on expanding BISON’s BWR fuel modeling capability by developing needed material

models that would aid in predicting cladding failure with a specific hydride distribution, taking into account

the hydride geometry and hydrogen distribution within the liner cladding. As a part of the work scope,

Fiscal Year 2020 (FY2020) focused on the addition of materials modeling to allow the use of different alloying

materials and gadolinia up to 10 wt.%. The tasks to be completed in FY2020 are: (1) to complete an initial

assessment of material model needs for BWR fuel, which is completed prior to this milestone report; and

1www.casl.gov
2a high-performance, open source, C++ FE framework: www.github.com/idaholab/moose
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(2) to develop and document material models for BWR fuel in BISON including verification and validation,

which is the scope of this milestone report.

This report is organized as follows: Chapter 2 describes BISON’s modeling options of the Gd-bearing

UO2 thermal properties as well as the liner materials, such as pure zirconium, zirconium tin, and Zircaloy-

2 thermal and/or mechanical properties in addition to the behavioral model for the hydrogen migration

and redistribution within a Zircaloy cladding. Chapter 3 outlines BISON’s internal meshing capabilities

for the liner layer being added to the inner face of cladding. Chapter 4 covers the validation activities in

which BISON’s predictions are compared to the measurements from Halden IFA-681.1 experiment. Chapter 5

concludes the document with a discussion of the results and future work. Lastly, the publication documenting

BISON’s new thermal conductivity capability for gadolinia-bearing uranium dioxide fuel prior to the addition

of the latest models described within this report are highlighted in Chapter 6.
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2. Materials/Behavioral Models

In this chapter, the material property models of BISON for BWR fuel rod analysis are documented, which are

tabulated in Table 2.1. The materials of interest are uranium dioxide fuel with gadolinia, Gd2O3, addition

(see Section 2.1) and liner cladding material models, such as pure zirconium (see Section 2.2), zirconium

tin (see Section 2.3), and/or Zircaloy-2 properties (see Section 2.4). Lastly, the new features are being

documented, integrated into the BISON test suite, and run periodically to ensure that code capabilities

are not lost. It should be noted that models for low tin content alloys, as with pure zirconium for nuclear

applications, are scarce in the open literature. In absence of a specific model for liners, Zircaloy-2 properties

can be used. All of the Zircaloy-2 models presented in this chapter are existing models of BISON and are

provided for the purposes of completeness. Additional properties for UO2-Gd2O3 fuels are not presented

here, owing to the absence properties in the literature; the assumption is to use the same material models

as those used for UO2 without the gadolinia addition. Lastly, an important physics (a so-called behavioral

model) to consider for BWR fuel rod behavior is the hydrogen migration and redistribution model, which is

briefly outlined in Section 2.5.

Table 2.1. Material models available for BWR analyses.

Property Description BISON source code

UO2-Gd2O3 properties
2.1 thermal conductivity up to 60MWd/kgU ThermalFuel

2.2 thermal conductivity at extended burnup ThermalFuel

2.3 specific heat capacity ThermalFuel

Pure zirconium properties
2.4 thermal conductivity ZrThermal

2.5 specific heat capacity ZrThermal

2.6 thermal expansion eigenstrain ZrThermalExpansionEigenstrain

Zirconium tin properties
2.7 thermal creep ZrSnCreepUpdate

Zircaloy-2 properties
2.8 thermal conductivity ThermalZry

2.9 specific heat capacity ThermalZry

2.10 elastic properties ZryElasticityTensor

2.11 thermal expansion ZryThermalExpansionEigenstrain

2.12 thermal and irradiation creep ZryCreepLOCAErbacherLimbackHoppeUpdate

2.13 irradiation growth ZryIrradiationGrowthEigenstrain
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2.1 UO2–Gd2O3 Properties

Thermal Properties

This section covers newly implemented/updated thermal modeling options in BISON under three main

categories: Property 2.1 for thermal conductivity models that are valid up to 60MWd/kgU; Property 2.2 for

thermal conductivity models at extended burnups; and Property 2.3 for the specific heat capacity.

Property 2.1: UO2-Gd2O3 fuel, thermal conductivity up to 60MWd/kgU (ThermalFuel)

A new thermal conductivity model is developed using an extensive set of experimental data [8], referred

to as the Toptan model in the code. The model form is expressed in terms of T is the fuel temperature

(°C), Gd is the fraction of the gadolinia content (weight fraction), and Bu is the burnup (MWd/kgU),

which is given by

k95 = kph + kel (2.1a)

kph =
1

0.1149 + 2.2748× 10−4T + 1.2027gd+ 2.3655× 10−3Bu+ 6.7927×10−3Bu0.28(1−0.9 exp(−0.04Bu))

1+396 exp(− 6380
T )

,

(2.1b)

kel = 7.5620× 10−3 exp
(
2.0081× 10−3T

)
, (2.1c)

The thermal conductivity normalized to a given porosity p (unitless) [9] is obtained by

k = k100

(
1.0− p

1.0 + βp

)
, (2.2)

where k100 is the thermal conductivity of the non-porous material, and β(=0.5) is the geometrical

factor [10]. Eq. 2.2 can be applied to k95 by simply inserting k100 = 1.07895k95 into the above relation.

Existing literature thermal conductivity models that account for the gadolinia addition are tabulated

in Table 2.2. These models exist in BISON prior to this project. A detailed review of this modeling

was performed to confirm that they are implemented in the code properly.

Property 2.2: UO2-Gd2O3 fuel, thermal conductivity at extended burnup (ThermalFuel)

The thermal conductivity, k (W/m/K) at 95% theoretical density (TD) (i.e., normalized to 5 vol.%

as-fabricated porosity) is given by [11, 12] in the following form:

k95 =
1

A(Tirr, Tann, bu) +B(Tirr, Tann, bu)T
(2.3)

where bu is the burnup (GWd/t), Tirr is the irradiation temperature (K), Tann is the maximum

temperature reached during out-of-pile annealing (K), and T is the instant application temperature
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(K). A and B are the empirical coefficients which are formulated as follows:

• Coefficient A(Tirr, Tann, bu). [11] defines the coefficient A as:

A(Tirr, Tann, bu) = δA+ Γ(bu,GIS) + 0.046 (2.4)

Note that [12] replaces 0.046 with 0.092623 for non-doped fuel (gd = 0) and 0.0524 + 0.3079 ×
10−2gd+12.2031×10−4gd2 for the non-zero gadolinia additive, where gd is the gadolinia content

in wt.%.

The effect of the irradiation defects on A is defined in terms of the out-pile self-irradiation effect,

δASelf and the effective concentration of irradiation defects at end of life (EOL), δAEOL as

δA = δASelf (Tm, bu) + δAEOL(Tm, bu) (2.5)

where Tm is the maximum temperature of Tirr and Tann (i.e., Tm = max(Tirr, Tann)).

δASelf (Tm, bu) =


0.02F (bu) if Tm ≤ 900K

0.02F (bu) 1450−Tm
1450−900 if 1450K > Tm > 900K

0 if Tm ≥ 1450K.

(2.6)

δAEOL(Tm, bu) =
bu

850

[
1

1 + exp
(
Tm−950

25

) +
1

1 + exp
(
Tm−1300

35

) − 0.0525

]
(2.7)

F (bu) =
1

1 + exp
(

20−bu
6

) − 0.015267 (2.8)

In [12], 0.015267 is replaced with 0.03444 in their formulation.

The contribution of nonvolatile and volatile fission products is incorporated to the thermal con-

ductivity model by [11, 12] as:

Γ(bu,GIS) = 9.02× 10−4buGIS + 1.74× 10−3bu+ 7.51× 10−3 (2.9)

where GIS is the fraction of volatile fission products present as dispersed atoms in the fuel matrix

and is expressed by

GIS =
1− 0.9IRIM[

1 + exp
(
Tirr−1350

200

)] [
1 + exp

(
Tann−1350

200

)] (2.10)

in terms of

IRIM =
1[

1 + exp
(
Tirr−950

30

)] [
1 + exp

(
73−bu

2

)] . (2.11)
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• Coefficient B(Tirr, Tann, bu). [11] defines the coefficient B as:

B(Tirr, Tann, bu) = B0 + (B1 −B0)

(
1− δB

6.5× 10−5

)
(2.12)

B0 = −1.65× 10−6bu+ 2.55× 10−4 − 3.6× 10−5IRIM (2.13)

B1 = 4.2× 10−7bu+ 2.75× 10−4 (2.14)

In [12], 2.75×10−4 is replaced with 2.217×10−4 for non-doped fuel (Gd = 0) and, for a non-zero

gadolinia additive, 2.75×10−4 is replaced with 2.553×10−4 + 8.606×10−6gd−0.0154×10−4gd2

where gd is the gadolinia content in wt.%.

δB = F (bu)δBEOL(Tm, bu) (2.15)

δBEOL(Tm, bu) =
bu

34

[
4.0× 10−5

1 + exp
(
Tm−950

25

) +
2.5× 10−5

1 + exp
(
Tm−1300

35

)] (2.16)

To ensure that the model (2.2) is implemented in BISON correctly and outputs in reasonable values,

we create the thermal conductivity plots. Fig. 2.1 shows the model comparison from each model at various

temperatures. The models differentiate from each other slightly for the non-doped uranium dioxide fuel.

0 20 40 60 80 100
Bu (GWd/t)

0

1

2

3

4

5

6

7

8

k 9
5 (

W
/m

/K
)

300K
600K
900K
1200K
1500K

(a) The Staicu model (Gd = 0).

0 20 40 60 80 100
Bu (GWd/t)

0

1

2

3

4

5

6

7

8

k 9
5 (

W
/m

/K
)

300K
600K
900K
1200K
1500K

(b) The Staicu model (Gd = 10wt%).

Figure 2.1. Comparison of the thermal conductivity model at T = Tirr using (a) the Ronchi model, (b) the
Staicu model, and (c) the Staicu model with an arbitrary gadolinia concentration of 10wt.%. The thermal
conductivity increases in the transition region where the HBS commences to form. [13] attributes the increase
in the thermal conductivity in the HBS formation to the decrease in the fission gas concentration dissolved
in the matrix. The degradation of the thermal conductivity resumes as a result of the accumulation of fission
products for further increase of the burnup.
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Table 2.2. A list of the conventional Gd-doped UO2 thermal conductivity models in BISON. The formulation
of each model is provided along with the reported applicability range. Maxwell’s relation (Eq. 2.2) is applied
for the porosity correction unless it is reported differently. The units of the state variables: k(W/m-K),
TK(K), TC(°C), p(–), Bu(MWd/kgU), B(MWd/kg urania), β(at.%), and gd(weight fraction).

Formulation Applicability
The Halden model [14, p.3.4]

k95 = kph + kel
kph = 1

0.1148+1.1599(gd+x)+0.0040B+2.475×10−4(1−0.00333B) min(1650,Tc)

kel = 0.0132 exp (0.00188Tc)

T in [300 K,3000 K]
Bu in [0,62 GWd/MTU]

Pu in [0,7 wt %]
TD in [92 %,97 %]

The modified NFI model [14]

k95 = kph + kel,
kph = 1

0.0452+1.1599gd+2.46×10−4T+0.00187Bu+
0.038Bu0.28[1−0.9 exp (−0.04Bu)])

(1+396 exp (−6380/T ))

,

kel = 3.5×109

T 2 exp(− 16361
T )

T in [300 K,3000 K]
Bu in [0,62 GWd/MTU]

TD in [92 %,97 %]
Gd in [0,10 wt %]

The NFIR model [15, 16]

k95 = (1− F )kstart + Fkend + kel
F = 0.5

(
1 + tanh

(
Tc−900

150

))
,

kstart = 1
term0+6.14×10−3Bu−1.4×10−5Bu2+{2.5×10−4 exp (−1.268763gd)−1.81×10−6Bu}Tc ,

kend = 1
term0+2.6×10−3Bu+{2.5×10−4 exp (−1.268763gd)−2.7×10−7Bu}Tc

kel = 0.0132 exp (0.00188Tc),

term0 =

{
9.592× 10−2, gd = 0
gdir · gdfac, gd 6= 0

gdir = 0.1197 tanh (1× 102gd)
0.1

+ 1.214167gd+ 5.40625gd2 − 51.82292gd3

gdfac = 0.65227273 + 2.7273gd− 2.25gd tanh (1× 10−5Bu)

The porosity correction multiplier is:

(
1.0−p[2.58−5.8×10−4TC ]

1.0−0.05[2.58−5.8×10−4TC ]

)
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Property 2.3: UO2-Gd2O3 fuel, specific heat capacity (ThermalFuel)

The specific heat capacity (J/kg/K) is expressed by:

cP =
K1θ

2 exp
(
θ
T

)
T 2
[
exp

(
θ
T

)
− 1
]2 +K2T +

Y K3ED
2RT 2

exp

(
−ED
RT

)
(2.17)

where T is the temperature (K), Y is the oxygen-to-metal ratio (-), and R is the universal gas constant

(8.3143 J/mol/K). The empirical coefficients (K1, K2, K3, θ, and ED) are tabulated in Table 2.3 for

UO2 and GdO2. The specific heat capacity of Gd-doped UO2 fuels (see Fig. 2.2) is computed as:

cP = (1−Gd)cP,UO2
+GdcP,GdO2

(2.18)

in terms of the fraction of gadolina content, Gd (-), and the specific heat capacity, cP,i for i =UO2 and

GdO2.

Table 2.3. The empirical constants used in Eq. 2.17 from [17].

K1 (J/kg/K) K2 (J/kg/K2) K3 (J/kg) θ (K) ED (J/mol)

UO2 296.70 2.430×10−2 8.745×107 535.285 1.577×105

GdO2 315.86 4.044×10−2 0.0 348.000 0.0

300 600 900 1200 1500 1800 2100 2400 2700 3000
T (K)

300

400

500

600

700

c P
 (J

/k
g/

K)

UO2.00
UO2.00 with 10%GdO2
UO2.00 with 20%GdO2

Figure 2.2. Specific heat capacity of UO2 at arbitrarily chosen gadolinia concentrations (0 to 20 wt.%).
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2.2 Pure Zirconium Properties

Pure zirconium is one material used for liners in BWRs. For nuclear applications, the majority material

property correlations are for the zirconium alloys Zircaloy-2 and Zircaloy-4. In BWRs, the cladding material

is Zircaloy-2; thus, for material properties for which a pure zirconium model is unavailable, those of Zircaloy-2

(see Section 2.4) are used.

Thermal Properties

Property 2.4: Pure zirconium, thermal conductivity (ZrThermal)

The thermal conductivity (W/m-K) of pure zirconium is given by [18]:

k = 8.8527 + 7.0820× 10−3T + 2.5329× 10−6T 2 +
2.9918× 103

T
(2.19)

where T is the temperature (in K) and is valid in [298 K, 2000 K].

Property 2.5: Pure zirconium, specific heat capacity (ZrThermal)

The specific heat correlation depends upon whether the zirconium is in the α-phase (298 ≤ T ≤ 1139

K) or β-phase (1139 < T ≤ 2128 K) [18].

cP =

24.1618 + 8.75582× 10−3T − 69942
T 2 α-phase

25.607406 + 6.80168× 10−4T + 5.837384× 10−8T 2 + 9.13714728× 10−10T 3 − 50466
T 2 β-phase

(2.20)

where T is the temperature (in K).

Mechanical Properties

Property 2.6: Pure zirconium, thermal expansion (ZrThermalExpansionEigenstrain)

This material calculates the temperature dependent thermal expansion of Zr using a correlation

from [18]. The thermal expansion (∆L/L) is written in terms of temperature, T (in K):

∆L

L
=

−1.11× 10−3 + 2.325× 10−6T + 5.595× 10−9T 2 − 1.768× 10−12T 3 α-phase

−7.59× 103 + 1.474× 10−6T − 5.140× 10−9T 2 + 1.559× 10−12T 3 β-phase
(2.21)
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2.3 Zirconium Tin Properties

Low tin content (<1%) zirconium-tin alloys are another option used for BWR liners. As with pure zirconium,

models for low tin content alloys for nuclear applications is scarce; therefore, in the absence of a specific

model, those of Zircaloy-2 (see Section 2.4) are used.

Mechanical Properties

Property 2.7: Zirconium tin, thermal creep (ZrSnCreepUpdate)

The creep rate is a given by [19]:

ε̇ = A [sinh (ασ)]
n

exp

(
− Q

RT

)
(2.22)

where A (s−1), α (MPa−1), n (-), and Q (kJ/mol) are material parameters, R (kJ/mol-K) is the ideal

gas constant, and T (K) is the temperature. The material constants are are all fourth order polynomials

of the inelastic strain, ε, as follows:

ln (A) =

4∑
i=0

Aiε
i, α =

4∑
i=0

Biε
i, n =

4∑
i=0

Ciε
i, and Q =

4∑
i=0

Diε
i. (2.23)

where Ai through Di are the coefficients, which are provided in Table 2.4.

Table 2.4. Coefficients used in the polynomial fits for the material constants used in the Zr-0.3%Sn creep
correlation.

i = 0 i = 1 i = 2 i = 3 i = 4

Ai 53.365 -39.774 -40.405 287.21 -264.92
Bi 0.0347 -0.2091 0.817 -1.3775 0.85420
Ci 3.6433 40.123 -201.32 373.51 -242.19
Di 506.22 -730.03 1345.3 -466.67 -433.33
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2.4 Zircaloy-2 Properties

Zircaloy-2 is the cladding material of choice in BWRs. This section outlines the material models available in

BISON for Zircaloy-2. As described in previously, the material models (except irradiation growth) described

in this section are also applied to liners when a specific liner material does not exist. The cold work of

Zircaloy-2 is taken as 0% [17].

Thermal Properties

Property 2.8: Zircaloy-2, thermal conductivity (ThermalZry)

The thermal conductivity is given by

k = 7.668× 10−8T 3 − 1.450× 10−5T 2 + 2.088× 10−2T + 7.511 (2.24)

where T is the temperature (in K).

Property 2.9: Zircaloy-2, specific heat capacity (ThermalZry)

The specific heat is also obtained from MATPRO and is a piecewise linear function of the tabulated

values in Table 2.5. For values above 1248 K the specific heat is set to 356 J/kg/K.

Table 2.5. Specific heat capacities for Zircaloy.

T (K) cP (J/kg/K) T (K) cP (J/kg/K)
300 281 1153 719
400 302 1173 816
640 331 1193 770
1090 375 1213 619
1093 502 1233 469
1113 590 1248 356
1133 615
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Mechanical Properties

Property 2.10: Zircaloy-2, elastic constants (ZryElasticityTensor)

The Young’s modulus in the α and β phases is calculated by:

E =


(1.088× 1011 − 5.475× 107T + (6.61× 1011 + 5.912× 108T )∆)

0.88 + 0.12 exp
(
− φ

1×1025

) α-phase

9.21× 1010 − 4.05× 107T β-phase

(2.25)

and the shear modulus is

G =


4.04× 1010 − 2.168× 107T + (7.07× 1011 − 2.315× 108T )∆

0.88 + 0.12 exp
(
− φ

1×1025

) α-phase

3.49× 1010 − 1.66× 107T β-phase

(2.26)

where T (K) is the temperature, ∆ is the average oxygen concentration minus the oxygen concentration

of the as-received alloy, and φ (n/m2) is the fast neutron fluence. It should be noted that there is a

cold work contribution to the general equations for E and G, which have been ommitted here because

the cold work for Zircaloy-2 is 0%. The Poisson’s ratio, ν is computed via the following relation:

ν =
E

2G
− 1 (2.27)

Property 2.11: Zircaloy-2, thermal expansion (ZryThermalExpansionEigenstrain)

The thermal expansion of these materials is anisotropic with different strains forming in the diametrical

and axial directions. The diametrical and axial thermal strains, εdia and εaxial, are given by MATPRO

in the α-phase (T < 1073 K) and β-phase (T > 1244 K):

εaxial =

{
−2.5060× 10−5 + 4.441× 10−6TC α-phase

−8.3× 10−3 + 9.70× 10−6TC β-phase
(2.28)

εdia =

{
−2.373× 10−4 + 6.721× 10−6TC α-phase

−6.8× 10−3 + 9.70× 10−6TC β-phase
(2.29)

The linear interpolation is employed between the α and β-phase values is used in the α + β-phase

(1073 K ≤ T ≤ 1244 K).
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Property 2.12: Zircaloy-2, creep (ZryCreepLOCAErbacherLimbackHoppeUpdate)

Low temperature thermal creep of Zircaloy-2 is given by the Limbäck-Andersson [20] model:

ε̇th low = 5.47× 108E

T

(
sinh

(aiσeff
E

))3

.5 exp

(
−198000

RT

)
ai = 650

[
1.0− 0.56

(
1− e(−1.4×10−24Φ1.3)

)]
E = 1.148× 105 − 59.9T

(2.30)

where ε̇th low is the low temperature thermal creep rate (hr−1), E is the Young’s modulus (MPa), T is

the temperature (K), Phi is the fast neutron fluence (n/cm2), σeff is the effective (Von Mises) stress

(MPa), and R is the ideal gas constant (8.314 J/mol−K). High temperature (> 900 K) thermal creep

of the Zircaloy-2 is of the form [21]:

ε̇th high = Aσneff exp

(
− Q

RT

)
(2.31)

where ε̇th high is the high temperature creep rate (s−1), A is the creep coefficient, σeff is the effective

(Von Mises) stress, n is the stress exponent, and Q is the activation energy. These parameters depend

upon the phase of the alloy, as summarized in Table 2.6, where the activation energy in the α-phase is

given by:

A = 3.21× 105 + 24.69 (T − 923.15) (2.32)

Linear interpolation is used for mixed phases not equal to 50%α–50%β for ε ≤ 3×10−3. For ε >

3×10−3 linear interpolation is used for Q and n and linear interpolation of ln (A) is used for A. Between

the low temperature creep model upper limit of > 700K and the lower limit of > 900K for the high

temperature creep model interpolation between the two correlations are used.

The irradiation creep law used for Zircaloy-2 (with a recrystallized annealed microstructure) is given

by:

ε̇irr = 1.654× 10−24φ0.85σeff (2.33)

where ε̇irr is the irradiation creep rate (hr−1), φ is the fast neutron flux (n/m2-s), and σeff is the

effective stress (MPa).
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Property 2.13: Zircaloy-2, irradiation growth (ZryIrradiationGrowthEigenstrain)

Zircaloy-2 undergoes axial growth and subsequent diametrical shrinkage due to irradiation. The

correlation of irradiation growth is given by:

εirr = 1.09× 10−21Φ0.845 (2.34)

where Φ is the fast neutron fluence (n/m2).

Table 2.6. Parameters for high temperature creep of Zircaloy-2.

Phase A(MPan/s) Q (kJ/mol) n (-)

α 8737 See Eq. 2.32 5.89
50%α–50%β 0.24 1.02355×105 2.33

β 7.9 1.41919 ×105 3.78

2.5 Hydrogen Migration/Redistribution Model of BISON

The use of different alloying materials, such as the fuel liners (e.g., pure zirconium or zirconium tin), to

increase the margin to PCMI failure, enabling more flexible operation. Such liners tend to exhibit much

higher hydrogen contents than the rest of the cladding (in the hottest side of the cladding wall)1. The

concentration of hydrogen and consequent localized precipitation of hydrides can cause the failure of the

cladding at small strains. Our task for this report is to document the BISON’s existing model for the

hydrogen migration and redistribution in the cladding.

Background The hydride migration and redistribution is schematically illustrated in Fig. 2.3. Hydrogen

is picked/absorbed by the cladding from the chemical reaction occurring at the outer surface of the cladding

with the water (i.e., oxidation). Later, hydrogen is transported in the cladding via two main diffusion

mechanisms in which driving forces are temperature and concentration gradients that apply in opposite

directions: Soret effect and Fickian diffusion, respectively. Depending upon the applied stress, the orientation

of hydride precipitation will differentiate.

Previous studies on the hydrogen migration and redistribution in BISON are performed and/or imple-

mented by several researchers [24, 25, 26, 27, 28]. Herein, we provide a brief summary of up-to-date model

(available) in the code—referred to as the Hydride Nucleation - Growth - Dissolution Model (HNGD)—is

1Experimental evidence can be found in the literature, particularly for the liner-cladding geometry in [22, 23].
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given by the following formation:

∂T

∂t
= α∇2T

∂CPrec
∂t

= S

∂Css
∂t

= −∇
(
−D∇Css −

DQ?Css
RT 2

δT

)
− S

(2.35)

where T is temperature, α is thermal diffusivity, Cprec is the concentration of precipitated hydrogen as

hydrides, Css is the concentration of dissolved hydrogen in the solid solution, Q? is the heat of transport,

and R is the universal gas constant (8.3143 J/mol/K). The diffusion coefficient is computed according to the

Arrhenius law: D = D0 exp (−ED/RT) in terms of D0 is the constant and ED is the activation energy.

Figure 2.3. Schematic illustration of hydride migration and redistribution within a Zircaloy cladding,
from [27]. Process can be categorized under three sequential categories: (a) hydrogen is absorbed by
the cladding from the chemical reaction occuring at the outer surface of the cladding with the water, i.e.,
oxidation via Zr+2H2O→ZrO2+2H2 (left figure); (b) hydrogen is transported in the cladding via two main
diffusion mechanisms in which driving forces are temperature (Soret effect) and concentration gradients
(Fick’s law) (middle figure); and (c) hydrogen is either dissolved in the solid solution or precipitates as
hydrides whose orientation is heavily dependent on the applied stress (right figure).

Instructions Details of the HNGD modeling in BISON are described in Algorithms 1 through 3. Out-

put parameters from this model are tthe concentration of dissolved hydrogen, Css, and concentration of

hydrogen as hydride, Cprec, in addition to the temperature, T , from the coupled heat conduction equation.

There are several input parameters—optional parameters with preset default values for the typical Zircaloy

cladding—for this model, which are tabulated in Table 2.7. The hydrogen kinetics parameters differentiate

for the materials of dissimilar composite clad layers. Some representative experimental values are tabulated

in Table 2.8 for hydrogen diffusion kinetics and precipitation/dissolution kinetics of zirconium-hydrides.
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Considering the interface of the liner and cladding, the diffusion lengths should be sufficiently small to

have accurate predictions between the dissimilar clad layers. This typically requires more refined meshes

for the diffusion computations (e.g., hydrogen migration and redistribution modeling in the cladding in our

case). To speed up the full-length fuel rod analyses, BISON allows a flexibility to perform a single simulation

using two different mesh files at the same time: a coarser mesh for the typical thermo-mechanical fuel rod

analysis and a finer mesh for the diffusion calculations. The computational results are performed on the

refined mesh for the diffusion calculations and interpolated back to the coarser mesh to complete the typical

fuel rod analysis. This can be quite useful in terms of having accurate and faster simulations. This approach

has been previously employed by [24] for the spent fuel applications2 and is useful to investigate cladding

failure with a specific hydride distribution—considering the hydride geometry and its distribution within the

liner cladding—for full-length fuel rod analyses next year.

Algorithm 1 Algorithm in BISON to compute the hydrogen migration and redistribution.

1: Input: Q?, TSSD0, TSSP0, QD, QP , and ... (see Table 2.7 for the default values)
2: Output: Css, the concentration of dissolved hydrogen; Cprec, the concentration of hydrogen as hydride
3: procedure
4: compute the hydrogen diffusion coefficient using the Arrhenius law: D = D0 exp (−ED/RT)
5: compute the solubility: TSSD = TSSD0 exp (−QD/RT)
6: compute the super-solubility: TSSP = TSSP0 exp (−QP/RT)
7: if Css < TSSD and Cprec > 0 then
8: see Algorithm 2: procedure DISSOLUTION

9: else
10: see Algorithm 3: procedure NUCLEATION-AND-GROWTH CONTROLLED PRECIPITATION

11: compute the volume fraction of hydrogen in the α-phase: θ = 1 − Φ/fclamp with a user-specified
clamping factor of fclamp to limit the maximum allowable volume fraction of hydrides: i.e., rate∗ = θ

12: return the concentration of dissolved hydrogen, Css and hydrogen as hydride, Cprec

Algorithm 2 Algorithm in BISON to compute the dissolution for the zirconium hydrides.

1: procedure dissolution
2: if instantaneous dissolution then
3: if Cprec > (TSSD − Css) then
4: rate = − (TSSD − Css)
5: else
6: rate = −Cprec
7: else
8: compute the kinetic dissolution: KD = KD0 exp (−ED/RT)
9: if Cprec > (TSSD − Css) then

10: rate = max (−KD [TSSD − Css] ,− [TSSD − Css] /dt)
11: else
12: rate = max(−KDCprec,−Cprec/dt)

2One can find the example BISON input under bison/examples/spent fuel/.
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Algorithm 3 Algorithm in BISON to compute the nucleation- and growth-controlled precipitation for the
zirconium hydrides.

1: procedure nucleation-and-growth controlled precipitation
2: compute the total hydrogen content Ctot = Css + Cprec
3: compute the atomic fraction of hydrogen at the (δ/α + δ) boundary: xδ(T ) ≈

∑3
i=0 xδ,iT

i with{
xδ,i}3i=0 = {0.623,−5.73× 10−5, 8.48× 10−8,−9.93× 10−11

}
4: compute the atomic fraction of hydride: xP =

Cprec[
MH

(
Cprec
MH

+
1×106−Cprec

MZr

)]
5: compute the total atomic fraction of hydrogen: x0 = Ctot[

MH

(
Ctot
MH

+
1×106−Ctot

MZr

)]
6: compute the atomic fraction of hydrogen in the α-phase: xα = TSSD[

MH

(
TSSD
MH

+
1×106−TSSD

MZr

)]
7: compute the volume fraction of α-phase: fα = 1− xP

(xδ−xα)

8: compute the atomic fraction of hydrogen in the α-phase: v0 = (x0−xα)
(xδ−xα)

9: if Css > TSSP then
10: compute the hydride formation energy: Eth =

∑3
i=0Eth,iT

i with {Eth,i}3i=0 ={
−0.5655, 4× 10−4,−2× 10−7, 3× 10−10

}
11: compute the nucleation kinetics: KN = KN0fαχ exp (−Eth/RT) with χ = 1− Cprec/1.7×104

12:

13: if growth and (Cprec > 0 or rate > 0) then
14: compute the growth kinetics: KG = 1

(1/Kdif+1/Kth) with Kdif = Kdif0fαv0 exp (−EG/RT) and

Kth = Kth0fαv0 exp (−Eth/RT)
15: compute the advancement of transformation: x = δCss

(Ctot−TSSD)

16: if 0 < x < 1 then
17: compute the rate of growth: δCss = KG(Ctot−TSSD)p(1−x)([− ln (1− x)]1−1/p) with p = 2.5

Table 2.7. BISON cladding hydrides action parameters

Symbol BISON input parameter Description Default Unit

Cprec hydrogen as hydride ppm Concentration of hydrogen as hydride wt.ppm
Css hydrogen as solution ppm Concentration of dissolved hydrogen wt.ppm
T temperature Temperature K

D0 diffusivity frequency factor Frequency factor for Arrhenius hydrogen diffusivity 1.08×10−6 m2/s
ED diffusivity activation energy Activation energy for Arrhenius hydrogen diffusivity 44000 J/mol
EG growth diffusion kinetic energy Activation energy for Arrhenius reaction-driven growth 86806 J/mol
KD0 dissolution kinetic coef Coefficient for Arrhenius dissolution kinetics 1.11×103 s−1

Kdif0 growth reaction kinetic coef Coefficient for Arrhenius diffusion-driven growth kinetics 1.6×10−5 s−1

Kth0 growth diffusion kinetic coef Coefficient for Arrhenius reaction-driven growth kinetics 5.35×105 s−1

KN0 nucleation kinetic coef Coefficient for Arrhenius nucleation kinetics 2.75×10−5 s−1

Q? heat of transport Heat of transport for hydrogen in cladding 2.55×104 J/mol
QD solubility activation energy Activation energy for Arrhenius TSSd 35459 J/mol
QP super solubility activation energy Activation energy for Arrhenius TSSp 25249 J/mol
TSSD0 solubility coef Frequency factor for Arrhenius TSSd 101999 wt.ppm
TSSP0 super solubility coef Frequency factor for Arrhenius TSSp 30853 wt.ppm
fclamp hydride clamp Factor limiting the maximum hydride content in a node 1

instantaneous dissolution Boolean to activate dissolution at equilibrium at all time False

growth
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Table 2.8. Representative experimental values taken from [25, Table 1–3].

Hydrogen diffusion parameters Precipitation/dissolution kinetics of zirconium-hydrides
Precipitation Dissolution

Material D0×103 ED Ref. Material TSSD0×10−3 QD TSSP0×10−3 QP Ref.
(cm2/s) (kJ/mol) (wt.ppm) (kJ/mol) (wt.ppm) (kJ/mol)

Zirconium 7.73 45.3 [29] Zirconium 49.0208 28.6604 – – [30]
4.15 39.6 [31] 129.3140 36.1079 – – [32]

Zircaloy-2 5.84 43.1 [29] 147.267 35.9824 – – [33]
2.17 35.1 [34] 145.801 35.9406 – – [35]

Zircaloy-4 7.90 44.9 [29] 140.084 36.8192 – – [36]
0.80 33.2 [37] 228.662 39.4133 – – [38]

Heat of transport 442.413 44.6014 – – [39]
Material Q? (kJ/mol) Ref. 115.844 35.9406 – – [36]
Zirconium 24.3–25.1 [40] 130.614 36.4426 – – [36]
Zircaloy-4 30.5–31.0 [37] 52.600 28.068 141.000 38.104 [41]

Zircaloy-2 849.655 31.7984 – – [34]
408.399 41.7563 – – [38]
52.600 28.068 128.000 36.540 [42]
13.320 21.170 108.150 21.170 [43]
32.700 25.042 143.000 36.686 [44]

Zircaloy-4 681.864 32.3842 – – [32]
40.135 27.336 52.575 32.117 [45]
66.440 29.630 510.800 45.610 [46]
31.000 27.678 66.000 35.251 [37]

Zircaloy-2/4 98.7158 34.518 – – [36]
138.7460 34.469 106.4470 35.991 [47]
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3. Liner Developments

Liners are used on the interior surface of the cladding in BWRs to mitigate stress corrosion cracking and

PCMI failures. The liners are typically made of slightly softer material than the Zircaloy-2 cladding, such

as pure zirconium or a low tin content zirconium alloy (e.g., Zr-0.3%Sn).

Prior to this project, the ability to model liners in BISON was limited to using Python mesh scripts in

BISON to run the commercial software Cubit/Trelis [48] or using these commercial codes directly. While this

possibility remains, it can be cumbersome for users. Therefore, work was completed to add support to the two

internal mesh generators within BISON that are typically used within VERA to handle liners and improve

ease-of-use. These mesh generators are SmearedPelletMeshGenerator and Layered1DMeshGenerator. In

this chapter, we provide details on how to model liners using the two internal mesh generators as well as with

the BISON Python mesh script. The mesh script should be reserved for more complex representations of the

fuel rod (e.g., including dishes and chamfers in the fuel). A couple verification problems are also presented

to verify that the creation of the internal meshes with liners was properly implemented.

3.1 Internal Meshing Capabilities

Internal meshing capabilities eliminate the need for third-party software to generate the geometries used

in fuel performance analyses. By providing capabilities internal to BISON, a user can create the mesh

directly in the input file used for the fuel performance simulation. For fuel rod analyses, two geometric

representations are used, Layered1D, and 2D-RZ axisymmetric. In BISON, these geometries can be created

by the Layered1DMeshGenerator and SmearedPelletMeshGenerator, respectively. These mesh generators

existed in BISON prior to this work, just the capability to include liners in the meshes generated by them

was added here.

3.1.1 Layered1DMeshGenerator

In a Layered1D representation of a fuel rod, discrete axial layers are used that each assume axisymmetry.

Thermo-mechanics is solved in the radial direction in each layer with out-of-plane effects captured by the

use of a generalized plane strain approach. Global fuel rod quantities as rod internal volume, fission gas

released, and rod internal pressure are determined by summing the individual contributions from each layer.
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To support rapid sensitivity analysis the ability to model liners for 2D-RZ axisymmetric and Layered1D

geometries has been added to the internal mesh generators in BISON.

Since the ability to model liners on the interior surface of the cladding was added, a broad range of

meshes can be created using the Layered1DMeshGenerator.These include, fuel only, cladding only, fuel and

cladding, fuel and cladding with a liner, fuel and cladding with a coating, fuel and cladding within a capsule,

fuel and cladding with a liner and a coating, fuel and cladding with a liner within a capsule, fuel and cladding

with a coating within a capsule, and fuel and cladding with a liner and a coating within a capsule. In all

cases, the fuel can either be annular or solid or both. All fuel rod meshes can also contain either or both

of upper and lower plenums. Fig. 3.1 presents an example of a Layered1D mesh containing fuel, liner, and

cladding. Details of the block names, sidesets, and nodeset conventions created by the mesh generator can

be found on the BISON documentation page for the Layered1DMeshGenerator.

fuel cladliner

Figure 3.1. A Layered1D mesh containing fuel and lined cladding.

3.1.2 SmearedPelletMeshGenerator

In a smeared pellet representation of the fuel rod, a 2D-RZ axisymmetric geometry is assumed. The individual

fuel pellets are not modeled, and the fuel stack is represented by a rectangle the height of the fuel stack. For

many fuel performance calculations, this representation is sufficient. The same combinations of fuel, cladding,

and liner as is available for Layered1D are possible, with the exception of including a capsule around the

fuel rod. Fig. 3.2 presents an example of smeared pellet mesh containing fuel, liner, and cladding. Details
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of the block names, sidesets, and nodeset conventions created by the mesh generator can be found on the

BISON documentation page for the SmearedPelletMeshGenerator [2].

fuel cladliner

Figure 3.2. A smeared pellet mesh containing a lined cladding.

3.2 BISON Mesh Script

BISON supports an external Python mesh script that interfaces with the CUBIT software [48] that can

include liners. The meshing script supports more complex meshes than that of the internal mesh genera-

tors such that distinct features of the fuel pellets (e.g., dishes and chamfers) can be captured. The mesh

script can also be used to generate three-dimensional representations of the fuel rod. To use the script a

user only has to modify the mesh script input.py file located at bison/tools/UO2/ within the BISON

repository. A portion of the mesh script is shown in the code snippet (see Listing 3.1). To include a liner

in your mesh generated by the script the to parameter clad[’with liner’] needs to be set to True and

clad[’liner width’] needs to be specified to a positive non-zero value, as seen in the code snippet. The

other parameters are used to define the fuel characteristics and mesh densities. One can see that two different

pellet types are defined, one that is solid with dishes and chamfers (Pellet1) and an annular pellet with

flat end (Pellet2). The entire fuel stack is built using the pellets to insert the different pellet types in

order from the bottom of the fuel stack to the top. In this example, one pellet with Pellet1 specifications is

placed above and below a stack of ten pellets with Pellet2 specifications. The angle parameter defines the

number of degrees swept in the azimuthal direction for 3D applications. A value of zero for angle results in
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a 2D mesh in the x-y plane. Fig. 3.3 presents an example of a discrete mesh containing fuel with dishes and

chamfers, a liner, and cladding.

fuel cladliner

Figure 3.3. Discrete pellet mesh containing dishes and chamfers with a lined cladding.

3.3 Verification

If we consider constant isotropic solid properties, the temperature change across the gap, liner, and cladding

can be obtained using the identity of continuous heat flux. This allows to obtain an analytic solution that is

more representative of typical fuel rods. An infinitely long fuel rod has a constant thermal conductivity kf and

internal heat generation q′′′. It is exposed on its right surface to some constant temperature T (rco) = Tco [49].

The temperature jump across the gap, liner, and cladding is:

Tf − Tco =
q′

2πrfhgap
+
q′

2π

{
1

kl
ln

(
rci
rli

)
+

1

kc
ln

(
rco
rci

)}
, (3.1a)

where Tf is the fuel surface temperature, Tco is the cladding outside temperature, kl is the liner thermal

conductivity, and kc is the cladding thermal conductivity.

The problem in this section focuses on testing the gap heat transfer for an open gap. To simplify the

analytic solution, radiative heat transfer is ignored by setting emissivities to zero, and temperature jump

distances are set to zero through BISON input. Thus, the gap heat transfer (see Appendix A) reduces to
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Listing 3.1. BISON mesh script example.

# Pellet Type 1: Active Fuel

# Required parameters

Pellet1= {}

Pellet1[type] = 'discrete '
Pellet1['quantity '] = 10

Pellet1['mesh_density '] = 'coarse '

Pellet1['outer_radius '] = 0.0041

Pellet1['inner_radius '] = 0

Pellet1['height '] = 2*5.93e-3

Pellet1['dish_spherical_radius '] = 1.01542e-2

Pellet1['dish_depth '] = 3e-4

Pellet1['chamfer_width '] = 5.0e-4

Pellet1['chamfer_height '] = 1.6e-4

# Pellet Type 2: Insulators

# Required parameters

Pellet2= {}

Pellet2['type'] = 'discrete '
Pellet2['quantity '] = 1

Pellet2['mesh_density '] = 'coarse '

Pellet2['outer_radius '] = 0.0041

Pellet2['inner_radius '] = 0.0009

Pellet2['height '] = 2*0.106

Pellet2['dish_spherical_radius '] = 0

Pellet2['dish_depth '] = 0

Pellet2['chamfer_width '] = 0

Pellet2['chamfer_height '] = 0

# Pellet Collection

# This list defines the pellets in the fuel stack

# First item is at the bottom of the fuel stack

pellets = [Pellet2 , Pellet1 , Pellet2]

# Stack options

pellet_stack = {}

pellet_stack['default_parameters '] = False

pellet_stack['interface_merge '] = 'all' # choose between 'point ', 'none ' or 'all'
pellet_stack['higher_order '] = False

pellet_stack['angle '] = 0

# Clad: Geometry of the clad

clad = {}

clad['mesh_density '] = 'coarse '
clad['gap_width '] = 8e-5

clad['bot_gap_height '] = 1e-3

clad['clad_thickness '] = 5.6e-4

clad['top_bot_clad_height '] = 2.24e-3

clad['top_gap_height '] = 0.026

clad['with_liner '] = True

clad['liner_width '] = 5.0e-5
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the fill gas conductance hg:

hgap = hg =
kgas

rf ln
(
rli
rf

) (3.1b)

where kgas is the thermal conductivity of the fill gas and rli is the liner inside radius. The analytic solution

for the temperature distribution in the fuel is

T (r) = Tf +
q′

4πkf

(
1− r2

r2
f

)
, (3.1c)

where rf is the fuel radius and kf is the fuel thermal conductivity.

The problem is run in BISON using three blocks: the fuel domain in ~X ∈ [0, 1.0], the liner domain in
~X ∈ [1.0, 1.05], and the clad domain in ~X ∈ [1.05, 1.10]. The domain between the fuel and liner blocks

is filled with an inert gas with a predefined gas thermal conductivity. Neumann and Dirichlet boundary

conditions are employed: (dT/dr)r=0 = 0 and T (rco) = Tco. The steady state heat conduction is considered

with the following arbitrarily chosen constants: kf = kc = 10 W/m/K, kl = 1 W/m/K, kgas = 0.1 W/m/K,

and q′′′ = 400 W/m3.

Fig. 3.4 shows the exact and computed finite element solutions for two FE types (linear or 1st-order:

EDGE2; quadratic or 2nd-order: EDGE3). The exact and BISON results are in a good agreement, indicating

that the new feature ‘liner meshing’ is correctly coded in BISON and functions as expected.

0.0 0.2 0.4 0.6 0.8 1.0 1.2
r

500

550

600

650

700

T,
T

Exact, T
BISON, T (linear)
BISON, T (quadratic)

Figure 3.4. Temperature distribution for the verification problem. Exact and FE solutions are obtained
using one-dimensional elements.
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4. Validation

This chapter focuses on the validation of new modeling options in BISON (from Chapter 2) by comparing

code predictions to experimental measurements to determine the applicability of the model to real-world

applications. Three rods selected were from the IFA-681.1 test series conducted at the Halden reactor in

Norway. The tests investigated here include IFA-681.1 rods 1, 2, and 3. Details of the experimental measure-

ments are described in Section 4.1. Then, BISON simulation settings for the aforementioned experimental

data set are outlined in Section 4.2. Lastly, BISON’s predictions are compared to the experimental data

in Section 4.3, along with the discussion of results.

4.1 Experiment: IFA-681 Rods 1, 2, and 3

The Halden integral test IFA-681 was loaded in the Halden Boiling Water Reactor (HBWR) in January 2005

and operated till February 2012, with a completion of 15 cycles of irradiation. The rig contained two UO2

fuel rods and four UO2-Gd2O3 rods with varying gadolinia content [0.0, 8.0 wt.%], which were manufactured

by Institutt for Energiteknikk (IFE)-Kjeller [50]. An overview on the fuel rod specifictions of the IFA-681

is provided in Table 4.1. In practice, the rod designs were very similar, except for 235U enrichment and Gd

concentrations. The experiment was conducted under standard HBWR conditions, with the rig operating at

a coolant pressure of approximately 3.5 MPa, and a coolant temperature of approximately 235°C. Achieved

burnup varied was around 31–45 MWd/kgUO2. The aim in the experiment was to evaluate the impact of

Gd concentration to the oxide solution on the fuel thermal behavior, dimensional changes, and fission gas

release.

The preliminary work was performed by [51] for the initial assessment of the BISON code for the modeling

of Gd-doped UO2 fuel. The analysis in BISON was performed for IFA-681.1 rods 1, 2, and 3 that were solid

rods and were enriched to 4.70 wt.%235U for rods 1 and 2, and 2.80 wt.%235U for rod 3. The fuel and cladding

specifications are tabulated in Table 4.1. Note that the top 11 pellets are hollow where the thermocouples

were located. The integral responses from the experiment were obtained as follows: fuel temperature via a

fuel centerline thermocouple, rod internal pressure via pressure transducer, fission gas release (FGR) via the

online pressure measurements, and rod power via four neutron detectors install in the rig.
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Table 4.1. Fuel rod specifications for IFA-681 [52, 53, 54].

Rod ID Rod 1 Rod 2 Rod 3

Rod shape solid solid solid
Fuel type UO2 UO2-Gd2O3 UO2-Gd2O3

Gd2O3 (wt.%) 0.0 2.0 8.0
Enrichment (wt%235U) 4.70 4.70 2.80
Average grain size (µm) 10.9 7.3 8.4
Active stack length (m) 400.4 400.0 400.2
Pellet length (mm) 10.25 9.92 9.97
Pellet OD (mm) 8.19 8.19 8.19
Pellet ID (mm) 0.0/1.8? 0.0/1.8? 0.0/1.8?

Pellet density (%TD) 95.6 96.1 96.0
Cladding material Zy-4 Zy-4 Zy-4
Cladding ID (mm) 8.36 8.36 8.36
Cladding OD (mm) 9.50 9.50 9.50
Diametral gap (µm) 170 170 170
Free volume (cm3) 4.6 4.4 4.7
Initial fill gas composition helium helium helium
Fill gas pressure (MPa) 1.0 1.0 1.0

Top 11 pellet only (thermocouple hole)

4.2 BISON Model Settings

Two-dimensional, RZ-problem is setup for the BISON simulations of the IFA-681.1 Rods 1, 2, and 3. The

supplementary histories, from Halden data, such linear heat rate (LHR), fast neutron flux, coolant pressure,

and coolant inlet temperatures, are provided to BISON. Fuel Rod Analysis Toolbox is utilized for the

condensation of the data prior to setting the BISON inputs. Radial power factors are computed by [51] at

IFE-Halden Reactor Project via the HELIOS code [55, 56] to inform BISON analysis. Fig. 4.1 shows the rod

average LHR for the aforementioned rods in this study.

Geometry and Mesh

The assumed geometry and mesh are shown in Figure 2 and Figure 3. The fuel pellet stack was modeled

as a smeared column with merged insulator pellets (natural UO2 and Al2O3). The analysis in BISON was

performed for the three out of six rods, IFA-681 rods 1, 2, and 3. Note that top 11 pellets are hollow

where the thermocouple were located. The integral responses from the experiment were obtained as follows:

fuel temperature via a fuel centerline thermocouple, rod internal pressure via pressure transducer, FGR

via the online pressure measurements, and rod power via four neutron detectors installed in the rig. A

two-dimensional axisymmetric geometry was used.

The rod consisted of Al2O3 hollow insulation pellets in the upper end of IFA-681 rods 1, 2, and 3, followed

by natural UO2 hollow pellets. The active fuel length consisted of 11 pellets of hollow enriched UO2 fuel,

followed by 28/29 pellets of the solid enriched UO2 fuel. Similarly, in the lower end of the rods, natural UO2
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Figure 4.1. The average linear heat rate histories for the Halden IFA-681 irradiation.

solid pellets were followed by Al2O3 solid insulation pellets.

Material and Behavioral Models

UO2-Gd2O3 fuel The following material and behavioral models were used for the fuel:

• ThermalFuel - Toptan [8]: For temperature and burnup dependent thermal properties.

• ComputeFiniteStrainElasticStress and ComputeIsotropicElasticityTensor: elastic mechanical

behavior

• UO2VolumetricSwellingEigenstrain: volumetric expansion due to solid and gaseous swelling

• UO2RelocationEigenstrain: relocation strains

• ComputeThermalExpansionEigenstrain: thermal expansion with a constant instanteous thermal ex-

pansion coefficient

• Sifgrs: fission gas release model used with the gaseous swelling model UO2VolumetricSwellingEigenstrain

Fuel-to-cladding gap The following behavioral models of GapConductanceLWR were turned on for the

gap conductance modeling between the fuel and cladding:

• TOPTAN: gap conductance modeling according to [57, 58, 59]

• ADVANCED: gas thermal conductivity which takes gas pressure and temperature into account [60]

• TOPTAN: temperature jump distance model [57]

• TOPTAN: thermal accommodation model [57]
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Figure 4.2. A front-view of the IFA-681.1 rod 1 (left) and a close-up view of the IFA-681.1 rod 1, a cut from
the top of the fuel rod (right).
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Fuel-to-fuel gap The following behavioral models of GapConductance were utilized for the gap conduc-

tance modeling of the fuel-to-fuel gap at the thermocouple location considering a constant gas conductivity.

Zircaloy cladding For the clad material, a constant thermal conductivity of 16 W/m/K was used, and

both thermal (primary and secondary) and irradiation creep were considered using the Limback creep model

([20]). The following material and thermal behavior models were used for the cladding:

• HeatConductionMaterial: thermophysical material properties

• ZryCreepLimbackHoppeUpdate and ZryElasticityTensor: mechanical creep and elastic deformation

behavior

• ZryIrradiationGrowthEigenstrain: ESCORE model for volumetric swelling due to irradiation ex-

posure

• ZryThermalExpansionMATPROEigenstrain: thermal expansion of Zircaloy with the MATPRO model

• ZryOxidation: corrosion oxide layer thickness

Natural UO2 material For the natural UO2 material, a constant thermal conductivity of 3.0 W/m/K

and a constant specific heat capacity of 300 J/kg/K were used. The following material and thermal behavior

models were used for the cladding:

• HeatConductionMaterial: Thermophysical material properties

• ComputeFiniteStrainElasticStress and ComputeIsotropicElasticityTensor: elastic mechanical

behavior

• ComputeThermalExpansionEigenstrain: thermal expansion with a constant instantaneous thermal

expansion coefficient

Al2O3 material For the Al2O3 material, a constant thermal conductivity of 18.0 W/m/K and a constant

specific heat capacity of 880 J/kg/K were used. The following material and thermal behavior models were

used for the cladding:

• HeatConductionMaterial: Thermophysical material properties

• ComputeFiniteStrainElasticStress and ComputeIsotropicElasticityTensor: elastic mechanical

behavior

• ComputeThermalExpansionEigenstrain: thermal expansion with a constant instantaneous thermal

expansion coefficient

Details and references for all of these models listed above can be found on the linked BISON documen-

tation pages and in the provided inputs.
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4.3 Results and Discussion

BISON’s predictions are compared to the experimental measurements for each rod in the following sections.

A Python postprocessor script was used to extract the centerline temperature at the TC position. It is

important to note that the thermocouples and pressure transducers failed, resulting in BISON going to

the full time of the average linear heat rate (ALHR) while the experiment doesn’t. BISON’s temperature

predictions are compared to the experimental data for IFA-681.1 Rods 1, 2, and 3 in Fig. 4.3. The new thermal

conductivity model, along with the improved gap conductance modeling, results in a good agreement with

the measured values for varied gadolinia-doped fuels.

(a) IFA-681 Rod 1 (b) IFA-681 Rod 2

(c) IFA-681 Rod 3

Figure 4.3. Halden IFA-681.1 fuel temperature histories at TC locations.
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5. Concluding Remarks

The BISON fuel performance code has been under development for approximately a decade. Over the

years, developments have focused primarily on PWR materials, including potential ATF concepts as well

as advanced reactor fuels such as metallic and TRISO fuel particles. The addition of the missing pieces for

BWR analyses is required to support the funding opportunity announcement project entitled “Modeling &

Analysis of Exelon BWRs with VERA for Eigenvalue and Thermal Limits.” The primary focus of this work

was to develop the required material models that would aid in predicting cladding failure with a specific

hydride distribution, considering the hydride geometry and its distribution within the liner cladding. The

BWR modeling capabilities (see Chapter 2) that were made available or revisited in BISON are:

1. UO2-Gd2O3 properties (see Section 2.1): To account for the gadolinia addition to uranium dioxide fuel,

two new thermal conductivity models—referred to as TOPTAN and STAICU for the typical burnup range

of interest and the extended burnup applications, respectively—and one specific heat capacity model

was implemented (made the default model for the specific heat capacity calculations). In addition

to the implementation of new models, existing thermal conductivity models were reviewed again to

confirm that the model implementations are correct, and regression tests are added for the models

to protect their functionalities for the future code developments. These models are made available in

ThermalFuel within BISON.

2. Pure zirconium properties (see Section 2.2): Pure zirconium is one of the materials used as a liner

material in BWRs. The material property models for pure zirconium is scarce in the literature. The

following models were found: thermal conductivity and specific heat capacity as thermal properties

that are made available in ZrThermal of BISON and thermal expansion as the mechanical property,

that is made available in ZrThermalExpansionEigenstrain within BISON.

3. Zirconium tin properties (see Section 2.3): Low tin content (<1%) zirconium-tin alloys are another

option used for BWR liners. As with pure zirconium, models for low tin content alloys for nuclear

applications are scarce. The following model was found in the literature: thermal creep as a mechanical

property that was made available in the ZrSnCreepUpdate model of BISON.

4. Zircaloy-2 properties (see Section 2.4): Zircaloy-2 is the cladding material of choice in BWRs. With-

out a specific model for liners, those of Zircaloy-2 are used. We documented the material models

available already in BISON for Zircaloy-2 cladding: thermal conductivity and specific heat capacity

as thermal properties (ThermalZry); and elastic constants (ZryElasticityTensor), thermal expansion
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(ZryThermalExpansionEigenstrain), thermal and irradiation creep (ZryCreepLOCAErbacherLimbackHoppeUpdate),

and irradiation growth (ZryIrradiationGrowthEigenstrain) as mechanical properties.

5. Hydrogen migration/redistribution behavior model (see Section 2.5): BISON’s existing model for the

hydrogen migration and redistribution in the cladding was documented. Details of the up-to-date

model (available) in the code were provided. Instructions were provided for the users on how to

use this modeling option for a liner cladding geometry, along with some representative experimental

values of the hydrogen diffusion and precipitation-dissolution kinetics of zirconium hydrides for pure

zirconium, Zircaloy-2, and Zircaloy-4. A detailed analysis on the prediction of cladding failure with a

specific hydride distribution is a primary focus of the next year’s milestones.

Another task of this milestone was to develop liner meshing capabilities in BISON for BWR applications

(see Chapter 3) to support ease-of-use and industry adoption of the code. Liners are used on the interior

surface of the cladding in BWRs to mitigate stress corrosion cracking and PCMI failures. One can use

external meshing tools such as Cubit/Trelis to create any type of geometry. To provide ease-of-use and to

handle the mesh generation internally within BISON, the ability to handle liners was added to two exiting

internal meshing capabilities:

1. Layered1DMeshGenerator models the fuel rod as an axial stack of one-dimensional radial analyses as-

suming azimuthal symmetry. Global quantities are computed by summing the individual contributions

from the different layers. Meshes can include fuel, cladding, liner, and a capsule, or any combination

of them.

2. SmearedPelletMeshGenerator models the fuel rod in a 2D-RZ axisymmetric representation with the

fuel assumed to be a smeared column (i.e., right cylinder without dishes and chamfers). Meshes can

include fuel, cladding, liner, and a capsule, or any combination of them.

3. Verification of the internal meshing capabilities was accomplished by simulating a simplistic thermal

problem and demonstrating proper convergence behavior. This ensures that the internal meshing

capabilities are generating properly connected meshes.

As a best practice of software quality assurance (SQA), all of these modeling features are documented,

integrated into BISON, and run periodically to ensure that code capabilities are not lost as changes are

made. This is achieved using regression tests that also serve as examples for the users how to use each

modeling option in the code.

Validation is the comparison of model predictions to experimental measurements to determine the accu-

racy at which the simulations predict reality. Here, validation focused on the the Gd-bearing UO2 model

developments, in particular, the new thermal conductivity models. Three rods from the IFA-681 series

irradiated at the Halden reactory in Norway were analyzed. The rods were a non-doped UO2, a 2 wt.%

Gd2O3 and a 8 wt.% Gd2O3 rod. Thermocouple temperature comparisons were in a very good agreement

(see Chapter 4).

In addition to the aforementioned BWR material developments described in detail in this report, one jour-

nal article described BISON models for gadolinia-doped UO2, including verification and validation (see Chap-

ter 6).
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This work establishes a strong base for BISON’s BWR modeling capabilities for Gd-doped UO2 fuels

with lined cladding, which is to be expanded next year. In the future, this work will be expanded to include

hydrogen and hydride embrittlement and its impact on failure predictions. Additional applications will be

performed in BISON for BWR fuel behavior during normal operations (including control blade sequence

exchanges involving down power and return to power maneuvers) and anticipated transients such as a

reactivity insertion accident (RIA) driven by a control rod drop accident to examine whether PCMI is a

potential failure mechanism and to identify what the failure limits should be for BWR cladding.

The milestones to be completed in FY2021 can be listed as:

1. to perform and document sensitivity analyses for BWR fuel (due 4/30/2021) and

2. to perform and document RIA analysis for BWR fuel (due 9/30/2021).

FY2020 FY2021

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

Task 1: Initial assessment of material model needs

Task 2: Develop/document material models

100% completeMaterial models

100% completeLiner capability

100% completeIFA-681.1 Validation

100% completeHydride
Milestone

Task 3: Perform and document sensitivity analysis

0% completeSetup normal operation geometry & power history

0% completeDetermine appropriate control blade sequences

0% completePerform sensitivity analyses
Milestone

Task 4: Perform & document RIA analysis

0% completeControl rod drop accident analyses

0% completeEvaluate potential of PCMI failure
Milestone

Task 5: Miscellaneous Tasks

0% completeCode speed up for full length rod analyses

0% completeAdding any recent literature material models

Figure 5.1. Gantt diagram for 2020–2021 fiscal years
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6. Publications

In regards to BWR capabilities in BISON, one journal article is under revision that illustrates the model

development including validation. Highlights of the publication(s) are briefly provided as follows:

1. A. Toptan, G. Pastore, J.D. Hales, S. R. Novascone, R. L. Williamson, “Engineering-scale Modeling of

Thermal Conductivity in BISON for UO2 and Gd-bearing UO2 Fuels,” Journal of Nuclear Materials,

2020 (submitted, under review).

Highlights:

• An extensive literature survey for the development of an engineering-scale thermal conductivity

model for uranium dioxide, including gadolinia-doping.

• Identified associated uncertainties in the models along with underlying assumptions.

• To assess the performance of thermal conductivity models, including the newly developed model

in this study and the conventional thermal conductivity models commonly used in nuclear appli-

cations, the models are compared to each other (see Fig. 6.1) and to experimental data.

• A new postulated engineering-scale modeling strategy to allow flexibility in updating the thermal

conductivity component for extended burnups.
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Figure 6.1. Comparisons of model predictive envelopes for the stoichiometric UO2 thermal conductivity
in (a) the burnup range varied from 0 to 60 MWd/kgU and (b) the gadolinia concentration varied from
0 to 10 wt %. The predictions from the proposed model (see TOPTAN model in Property 2.1; referred to as
Eq.(6) on each plot) are plotted in each plot for ease of comparison with the other thermal conductivity
models. Note that addition of either burnup or gadolinia degrades the thermal conductivity; therefore, the
upper bound represents the non-doped fuel at zero burnup, and the lower bound represents the irradiated
and Gd-doped fuel.
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A. Gap Conductance: Thermal Aspects

The temperature jump across the gap in BISON is computed as a summation of heat transfers: fill gas

conductance hg, contact conductance hc, and radiative conductance hr [2, 60, 57, 58, 59, 61]:

hgap = hg + hc + hr, (A.1a)

where

hg =
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, (A.1b)
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)
, (A.1c)

hr =
σSB(T 2

1 + T 2
2 )(T1 + T2)

1

ε1
+

(
1

ε2
− 1

) . (A.1d)

where kgas is the fill gas thermal conductivity, d is the gap distance, gi is the temperature jump distance,

Λ is the harmonic mean of thermal conductivities of the surrounding solids, ra is the contact radius that

is defined as a function of the surface roughness, W is the load on the contact interface, H is the Meyer’s

hardness of the softer material, σSB is the Stefan-Boltzmann constant, Ti is temperature, εi is the emissivity,

and ri is the radius for the solid bodies i = 1, 2 (r1 < r2).
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